Metabolically stable anaerobic enrichment cultures have been obtained from sediment samples contaminated with chlorophenolic compounds. Enrichment was carried out with esculin, esculetin, naringin, naringenin, fraxin, quercetin, and acetate in media with two sulfate concentrations. These cultures were used to examine the 0-demethylation of 4,5,6-trichloroguaiacol and the dechlorination of 3,4,5-trichlorocatechol. Whereas 0-demethylation was observed in all cultures, the occurrence of dechlorination was significantly more restricted. The presence of the carbohydrate moiety in the cultures enriched with the glycones repressed development of populations which were able to carry out dechlorination. Although sulfate at a concentration of 2 g/liter in the primary enrichments blocked the development of populations able to bring about dechlorination, addition of sulfate at this concentration did not inhibit dechlorination in cultures possessing this capability. Different dichlorocatechol isomers were produced under the various conditions, so that in view of the established resistance of some of these to further dechlorination, the ultimate fate of 3,4,5-trichlorocatechol in the natural environment remains partly unresolved. No enrichment culture containing a low sulfate concentration was able to dechlorinate either 2,4,5-trichlorophenol or 2,4,6-trichlorobenzoate.
Metabolically stable anaerobic enrichment cultures have been obtained from sediment samples contaminated with chlorophenolic compounds. Enrichment was carried out with esculin, esculetin, naringin, naringenin, fraxin, quercetin, and acetate in media with two sulfate concentrations. These cultures were used to examine the 0-demethylation of 4,5,6-trichloroguaiacol and the dechlorination of 3,4,5-trichlorocatechol. Whereas 0-demethylation was observed in all cultures, the occurrence of dechlorination was significantly more restricted. The presence of the carbohydrate moiety in the cultures enriched with the glycones repressed development of populations which were able to carry out dechlorination. Although sulfate at a concentration of 2 g/liter in the primary enrichments blocked the development of populations able to bring about dechlorination, addition of sulfate at this concentration did not inhibit dechlorination in cultures possessing this capability. Different dichlorocatechol isomers were produced under the various conditions, so that in view of the established resistance of some of these to further dechlorination, the ultimate fate of 3,4,5-trichlorocatechol in the natural environment remains partly unresolved. No enrichment culture containing a low sulfate concentration was able to dechlorinate either 2,4,5-trichlorophenol or 2,4,6-trichlorobenzoate.
The fate and persistence of organic chemicals discharged into the aquatic environment are problems of increasing concern. The factors determining these are complex, so it is highly desirable to make optimal use of the results of laboratory experiments: while retaining the advantages of controllable and reproducible systems, these may be designed to stimulate as closely as possible cardinal features of natural ecosystems. We have attempted to apply this principle consistently in our investigations (17) .
A number of chlorinated guaiacols and chlorocatechols are formed during the production of pulp by the kraft process and are among the organochlorine compounds that have been identified in bleachery effluents (see references in reference 20) . We showed that these compounds are partitioned from the aquatic phase into the sediment phase (23) and that they can be recovered from contaminated sediments in substantial quantities (24) . Their persistence in the environment is therefore largely determined by their susceptibility to anaerobic degradation. We showed that under anaerobic conditions both 0-demethylation and dechlorination reactions take place (1, 22) , and one of the important conclusions from a previous study (1) was that cultures able to carry out these reactions need not have been obtained by selective enrichment with substrates containing aromatic methoxy or chlorine substituents.
Our attention has therefore been directed to a more extensive investigation of the role of compounds structurally related to those plausibly found as organic constituents in natural sediments (1, 22 benzenes and flavanones from 1,3,5-trihydroxybenzenes. In an attempt to evaluate the competitive role of readily degraded carbohydrates, we have examined growth substrates in which a carbohydrate and an aromatic structure are combined in the same molecule. We have compared the metabolic activities of cultures grown with the glycones-in which the carbohydrate moieties are covalently linked to the aromatic portion by readily cleaved glycosidic bonds-with the corresponding aglycones lacking carbohydrates. In addition, since we are increasingly interested in both marine and brackish-water environments, the role of sulfate concentration has been systematically examined.
The results showed that some coumarins and flavanonerelated compounds supported anaerobic growth and that the glycones were readily hydrolyzed to the aglycones, which were then further degraded. The enrichment cultures were examined for their ability to 0-demethylate 4,5,6-trichloroguaiacol and dechlorinate the resulting 3,4,5-trichlorocatechol. 0-demethylation was observed in all of the cultures examined, whereas the capacity for dechlorination was more restricted and the isomers formed were dependent on the substrate used for primary enrichment. The glycone cultures were significantly less active in dechlorinating 3,4,5-trichlorocatechol, and a high sulfate concentration was inhibitory to development of populations capable of carrying out dechlorination. Enrichments with acetate in media with low sulfate concentrations displayed only low dechlorinating capacity towards 3,4,5-trichlorocatechol, and none of the enrichments dechlorinated either 2,4,5-trichlorophenol or 2,4,6-trichlorobenzoate.
MATERUILS AND METHODS
Chemicals and analytical methods. To facilitate reference, the structural formulae of the bicyclic compounds used are given in Fig. 1 . Esculin, esculetin, fraxin, naringin, naringenin, and quercetin were purchased from Sigma Chemical Co. The flow rate for all analyses was 1 ml min-'.
Gas chromatographic (GC) analysis (11) of 2,4,5-trichlorophenol and of chlorocatechols and GC-mass spectrometric identification (11) of metabolites from the chlorocatechols were carried out on samples derivatized as described previously (1). Analysis of 2,4,6-trichlorobenzoic acid was carried out with 1-ml samples by adding 4-bromobenzoic acid (20 RI, 10 pLg ml-1) as a surrogate standard, extracting the acidified samples with t-butyl methyl ether (two times, 1.5 ml), and esterifying the samples with diazomethane. A standard GC temperature program (11) was used.
Metabolites produced from the growth substrates were extracted, derivatized, and identified as follows. Samples (2 ml) were acidified with a few drops of H2SO4 (1 mol liter-1), saturated with NaCl, extracted twice with ethyl acetate (1.5 ml), and dried (Na2SO4). Phenols were acetylated with acetic anhydride-pyridine, excess reagents were removed (11) , and carboxylic acids were methylated with diazomethane. Excess diazomethane and solvent were removed, and the residue was dissolved in hexane-t-butyl ether (1:1) before GC-mass spectrometric analysis as described above. Authentic standards were treated identically.
Microbiological procedures. Sediment samples were obtained from two localities in the Gulf of Bothnia putatively contaminated with organochlorine compounds from the production of bleached pulp. They were preserved in tightly capped jars at 4°C immediately after collection, and enrichment experiments were begun within a month after collection. All subsequent anaerobic operations were carried out in an Anaerobe Systems (San Jose, Calif.) growth chamber. Enrichments were carried out by using the basal media and the procedures described previously (19, 22) except that the sulfate concentrations were adjusted to 0.2 or 2.0 g/liter;
after initial incubation for 3 months, cultures were transferred monthly at least 10 times to achieve metabolically stable cultures. Except for esculetin, which was dissolved in tetrahydrofuran-methanol (1:1), poorly water soluble substrates were dissolved in tetrahydrofuran, suitable volumes were added to the bottles in which growth was carried out, and solvent was evaporated; the nominal concentrations of the growth substrates in the media were ca. 500 mg liter-'.
All metabolic experiments used test substrates at a concentration of 100 ,ug liter-' and were carried out in sealed ampoules incubated in darkness at 22°C as described previously (1). Two sets of controls were used: (i) incubations of the test substrate in base medium without addition of cells and (ii) incubation of autoclaved cells under anaerobic conditions in the presence of sulfide. The latter were prepared in the anaerobe chamber by transferring washed dense cell suspensions to bottles fitted with rubber liners and aluminum screw caps. After removal from the chamber, the bottles were autoclaved, the contents were cooled in a stream of nitrogen, the bottles were returned to the chamber, additional sulfide was added at the same concentration as used originally, the test substrate was added, and portions were dispensed into ampoules. Experiments on sulfate additions were carried out by transferring cells grown in low-sulfate medium to fresh medium containing a low sulfate or high sulfate concentration; the converse was carried out for cells grown in high-sulfate medium. The test substrate was then added, and the media were dispensed into ampoules and incubated.
RESULTS
Metabolically stable cultures were obtained by enrichment of the two sediment samples with esculin, esculetin, naringin, naringenin, fraxin, and acetate as carbon substrates. The basal media contained sulfate at concentrations of either 0.2 or 2.0 g/liter, although parallel cultures at the two concentrations were not obtained from all of the growth substrates: cultures degrading fraxetin were obtained by inoculation with cells from the fraxin enrichment cultures.
HPLC analysis of growth media showed that the glycones were rapidly hydrolyzed to the aglycones within 24 h; the aglycones were then more slowly metabolized. In cultures containing a low sulfate concentration, esculetin was completely degraded in 40 days whereas ca. 60% of the initial concentration of naringenin remained after 70 days; in cultures containing a high sulfate concentration, degradation of esculetin occurred to the extent of ca. 50% in 40 days and degradation of naringenin occurred to ca. 40% in 70 days. Complete degradation of both fraxin and fraxetin in media containing either low or high concentrations of sulfate occurred in 15 days; degradation of quercetin at either sulfate concentration occurred in 7 days.
Metabolites clearly derived from the growth substrates were identified by comparison of the mass spectra and relative GC retention times of derivatized samples with those of authentic compounds. 3,4-Dihydroxyphenylpropionic acid was formed from esculetin, and 4-hydroxyphenylpropionic acid was formed from naringenin. A series of key metabolites was identified from the degradation of quercetin: mass spectra of derivatives and those of authentic reference compounds are shown in Fig. 2 . From these structures, the pathway for the degradation of the heterocyclic ring could be deduced (Fig. 3) . All of the metabolites were slowly degraded further without evidence of identifiable intermediates.
Concentrations of 4,5,6-trichloroguaiacol, 2,4,5-trichlorophenol, and 2,4,6-trichlorobenzoate in controls lacking cells were unaltered during the incubation periods. The concentration of 3,4,5-trichlorocatechol was constant during incubation in base medium in the absence of cells or in base medium containing autoclaved cells.
Rates of 0-demethylation were highly variable and were not dependent on the sulfate concentration. Complete 0-demethylation of 4,5,6-trichloroguaiacol occurred within 1 h for cultures grown with esculin and fraxin; for fraxetin and quercetin, 0-demethylation occurred within 24 h; and for esculetin, naringin, and naringenin it occurred between 3 and 7 days. Cultures enriched with acetate at a low sulfate concentration 0-demethylated 4,5,6-trichloroguaiacol within 2 days, whereas 0-demethylation by the high-sulfate enrichment culture was significantly slower (>30 days).
Cultures obtained by enrichment with esculin at either of the sulfate concentrations were unable to dechlorinate 3,4,5-trichlorocatechol after incubation for 80 days. Whereas those obtained with esculetin at the high sulfate concentration were also negative after 40 days, the corresponding culture in which sulfate was employed at the low concentration dechlorinated 3,4,5-trichlorocatechol quantitatively within 30 days to 3,5-dichlorocatechol: the mass spectrum and GC retention time of the 0-acetate were identical to those of an authentic specimen. When cells from the lowsulfate enrichment culture were incubated with the test substrate in medium containing the high sulfate concentration, the rate of dechlorination was unaffected. Cells from the high-sulfate-concentration enrichment incubated in medium with the low sulfate concentration were unable to carry out dechlorination.
The results from a similar series of experiments carried out with naringin and naringenin were comparable, though they differed in some important details. Cultures obtained from naringin and low sulfate concentrations were unable to dechlorinate 3,4,5-trichlorocatechol after incubation for 40 days, whereas those using naringenin and a low sulfate concentration dechlorinated the test substrate in a yield of 40%. In these experiments 4,5-dichlorocatechol was exclusively produced and was identified by comparison of the mass spectrum and GC retention time of the 0-acetate with those of an authentic specimen. The (ii) Successive transfers of the initial enrichment were carried out so that no organic matter from the original sediment remained in the cultures used for metabolic studies. These experiments therefore differed from others which have been reported (9, 16, 27) and had the advantage that these metabolically stable cultures could be used in subsequent investigations. (iii) Xenobiotic concentrations were at the submicromolar level comparable to those encountered in receiving waters. (iv) The low concentrations of the test substrates probably did not contribute significantly to growth of the organisms, and the metabolism of these xenobiotics was carried out concurrently with that of the growth substrates in the natural sediment phase.
The control experiments clearly showed that the observed transformations were microbiologically mediated, and our experiments using autoclaved cells showed that intact cells were necessary. On the other hand, these experiments do not exclude the possible role of corrins (26) The results of this study clearly supported the conclusion of earlier investigations (1, 22) that dechlorination of chlorocatechols may effectively be accomplished by organisms enriched with substrates which do not have chlorine substituents, and they increased the structural spectrum of compounds plausibly related to organic components of natural Although the degradation of flavanones by different groups of anaerobic bacteria has been investigated previously (2, 13, 14, 28) , the wider metabolic potentialities of these organisms have not been explored previously. The present results showed that a range of natural plant-derived substrates, including coumarins and flavanones, were able to serve as carbon sources and were degraded under anaerobic conditions with the formation of a series of hydroxylated benzoic acids, some of which were further metabolized. The structures of these metabolites are consistent with the pathway of degradation proposed by other workers (2, 13, 14, 28) for structurally related compounds and add further details to the pathway for degradation of quercetin (Fig. 3) .
The cultures obtained by enrichment with the coumarins and the flavanone were able to carry out reactions unrelated to those involved in degradation of the growth substrates: 0-demethylation of 4,5,6-trichloroguaiacol and dechlorination of (9, 12) , and the presence of sulfate in aquifer slurries did not affect the dechlorination of tetrachloroaniline, though further dechlorination of the initially formed 2,3,5-trichloroaniline was inhibited (15) . Collectively, the data suggest that in natural environments, the salinity-and concomitantly the sulfate concentration-of the system may play a cardinal role in the persistence of chlorophenolic and other organochlorine compounds. In addition, the presence of significant concentrations of sulfate in wastewater streams containing organochlorine compounds may present a problem in anaerobic biological treatment systems which has not apparently been considered hitherto.
The isomers of dichlorocatechol that were formed by dechlorination of 3,4,5-trichlorocatechol were influenced by (i) the sulfate concentration in the medium and (ii) whether the growth substrate was conjugated with a carbohydrate. Comparable differences in the isomers formed by dechlorination of a wider range of chlorocatechols were found in a previous study using cultures which had been grown with phloroglucinol and catechin (1) . All 
